Circadian rhythms refer to biological rhythms that have an endogenous period length of approximately 24 hr. However, not much is known about the variance in the development of the sleep-wake rhythm. The study objectives were (a) to describe the normative variation in the development of a sleep-wake rhythm in infancy, (b) to assess whether slower development is related to sleep quality and (c) to evaluate factors that are related to the slower development of a sleep-wake rhythm. The study is based on a representative birth cohort. Questionnaires at the ages of 3 (n = 1,427) and 8 months (n = 1,302) and actigraph measurement at 8 months (n = 372) were available. Infants with significant developmental delays (n = 11) were excluded. The results are based on statistical testing and multivariate modelling. We found that the average percentage of daytime sleep was 36.3% (standard deviation [SD], 8.5%) at 3 months and 25.6% (SD, 6.6%) at 8 months. At both time-points, infants with slower sleep-wake rhythm development slept more hours per day, had a later sleep-wake rhythm, more difficulties in settling to sleep and longer sleep-onset latency; they also spent a longer time awake during the night. According to actigraph registrations, we found that the infants with slow development of a sleep-wake rhythm slept less and had a later start and end to night-time sleep than the other infants. Infants' sleep-wake rhythm development is highly variable and is related to parent-reported and objectively measured sleep quality and quantity. Interventions to improve the sleep-wake rhythm might improve sleep quality in these infants.
| INTRODUC TI ON
Humans display various types of rhythms, with an endogenous period length of approximately 24 hr, among which the rest-activity rhythm is of major importance (Turek, Dugovic, & Zee, 2001) . The human circadian system is driven by the circadian clock in the suprachiasmatic nucleus and is sensitive to environmental factors in midpregnancy, although it is much longer before infants start to display mature sleep-wake rhythms (Rivkees, 2007) . This gradual development starts after birth and by the age of 2 months there are clear signs of circadian rhythmicity regarding both the sleep-wake cycle and hormone secretion. After the first months of life, the longest sleep periods start to accumulate in the night-time, whereas daytime sleep begins to diminish. Consequently, by the age of 3-4 months infants are usually more awake during the daytime than at night (Rivkees, 2003) . The development in diurnal rhythm parallels the consolidation of night-time sleep; in other words, improvement in the quality of night-time sleep (Henderson, France, & Blampied, 2011) .
The developing diurnal sleep-wake rhythm has been described previously in a questionnaire-based study by reporting the nightday ratio (Sadeh, Mindell, Luedtke, & Wiegand, 2009 ). This study showed that the proportion of night-time sleep increases from 60% at 0-2 months old to 70% at 3-5 months old and 75% at 9-11 months old, up to 78% at 2 years old. Slightly higher percentages of nocturnal sleep have been observed using polysomnography: infants were reported to sleep on average 78% at night at the age of 3 months, 81% at 9 months and 84% at 2 years (Louis, Cannard, Bastuji, & Challamel, 1997) . There is, however, large variability in the development of diurnal sleep-wake rhythms. Some infants may already have clear day-night differences soon after birth, whereas others exhibit such rhythms much later (Rivkees, 2003) . However, not much is known about the variance in the development of the sleep-wake rhythm and its clinical significance.
Animal studies provide evidence that the postnatal light environment affects the development of circadian rhythms (Brooks & Canal, 2013) . Alternations in natural and artificial photoperiods have also been related to infants' night-time sleep duration (Iwata et al., 2017) . Moreover, the development of the sleep-wake rhythm might be related to feeding and social cues (McGraw, Hoffmann, Harker, & Herman, 1999; Mirmiran, Baldwin, & Ariagno, 2003) .
Finally, although it is clear that environmental factors may affect activity patterns, it has been argued that inter-individual differences in developing circadian rhythms can also be driven by endogenous rhythmicity, possibly more than by the caregivers' influences (Rivkees, 2003) . Along these lines, gestational age, birth weight, birth order or breastfeeding duration were not associated with sleep-wake rhythm development (Jenni, Deboer, & Achermann, 2006) .
The main aim of the present study was to describe the normative variation in the development of the diurnal sleep-wake rhythm at the ages of 3 and 8 months, and also to assess whether the slower development of the diurnal sleep-wake rhythm is related to sleep quality, either based on parents' reports or on actigraphy recordings of sleep. Finally, we also evaluated whether the slow development of the diurnal sleep-wake rhythm is related to age, sex, breastfeeding and season of birth.
| ME THODS

| Sample
This study is based on the CHILD-SLEEP birth cohort. The sample was recruited during pregnancy in well-baby clinics, approximately at the 32nd week of pregnancy. In total, 1,673 families participated to the study in the study. Specifically for this study, the follow-up time-points were at the ages of 3 and 8 months. Details of the recruitment procedure have been reported elsewhere (Paavonen et al., 2017) . The study protocol for the cohort was approved by the local ethical committee (ethical research permission code R11032). The parents gave written informed consent at the beginning of the study.
At 3 months, the response rate was 85.3% (n = 1,427). We excluded infants with severe developmental conditions (such as Down's syndrome or blindness) (n = 11), as reported by the parents by the age of 2 years. A small proportion of the parents (7.1%, n = 101) returned the questionnaires late (age >4 months) and in four cases it was not possible to define the infants' age due to missing data. Therefore, the final sample consisted of 1,311 infants aged 72-120 days ( Table 1) . As many as 97.0% (n = 1,272) had responded to the Brief Infant Sleep Questionnaire (BISQ); however, 2.4% of them (n = 30) did not have both daytime and night-time sleep durations reported and were thus excluded from further analyses, leaving 1,242 infants aged 3-4 months for the analyses.
At 8 months, the response rate was 77.8% (n = 1,302). A few parents (0.5%, n = 6) returned the questionnaire late (age >10 months) and in one case it was not possible to define the age of the infant due to missing data. These infants and those with a developmental condition (the same as at the age of 3 months) (n = 11) were excluded from the study, leaving 1,284 infants (Table 1) . Of these, 99.1% (n = 1,272) had responded to the BISQ. Finally, we excluded cases who had missing information on either the daytime or night-time sleep variables (1.1%, n = 14), leaving 1,258 infants aged 7-10 months for the analyses.
In addition, a subsample of 372 infants also participated in the actigraph study. Of these, 329 had valid data and were aged 8-10 months at the time of measurement. The cases with severe illnesses (the same as reported above) were excluded from the data, leaving 324 infants for the analyses (155 girls and 174 boys; mean age, 8.1 months; standard deviation [SD], 0.5 months). These infants were randomly selected at birth by contacting the parents in the birth hospital to invite them to the actigraph study. The only exclusion criterion was gestational age <37 weeks. The subsample with actigraph registration did not differ from the main cohort in any of the demographic parameters (all p-values >.075).
| Measures
| Questionnaires
There were separate questionnaires for both parents and their children, filled out by either one parent or both parents together. All three questionnaires comprised several standardized questionnaires and other questions regarding health, welfare and family socioeconomic status. In addition, hospital register data were available for 97.4% (n = 1,278) and 97.7% (n = 1,217) of those eligible at 3 and 8 months, respectively.
To assess infants' sleep duration and sleep quality, we used both the BISQ and the Infant Sleep Questionnaire (ISQ) at 3 and 8 months.
The BISQ is a brief parental questionnaire for screening infant and toddler sleeping problems (Sadeh, 2004) . It consists of 13 items, of which we used the following six items: sleep duration during the day (07.00-19.00 hours) and night (19.00-07.00 hours), the number of night awakenings, bedtime, sleep latency and time spent awake at night (22.00-06.00 hours), which are measured as open questions.
The ISQ is a parental questionnaire on sleep quality among infants and toddlers (Morrell, 1999) . There are 10 items to study the frequency and severity of difficulties. In this study, we used the following three items: difficulties in settling to sleep (times per week, eight response alternatives), and sleep-onset problems in the evening (minutes in the evening, seven response alternatives) and at night (minutes at night, seven response alternatives). These variables were dichotomized to divide the infants into two groups: those who represent quite typical behaviours for the age and those with sleep difficulties. The cut-off values are reported in Tables 3 and 4. The development of the diurnal sleep-wake rhythm was evaluated by calculating the percentage of daytime and night-time sleep relative to total sleep duration. Cut-off points for the slow development of a sleep-wake rhythm at 3 and 8 months in this study were set at a proportion of daytime sleep of more than 41.4% and 29.6%, respectively (≥75th percentile), based on our own sample.
| Actigraphy
Actiwatch AW7s (manufactured by Cambridge Neurotechnology Ltd) were used in this study. This device uses a validated algorithm (Oakley, 1997) in which activity counts recorded during the meas- 
| Statistical analysis
We first studied the distributions of the main variables of interest.
Next, using a t test or X 2 test we compared the two groups of infants (those with slower development of a sleep-wake rhythm versus others) relative to background and sleep variables. In order to control for confounding factors (age, gender, breastfeeding and season of birth), we computed multivariate models (analysis of covariance, ANCOVA or logistic regression) to confirm the potential differences in sleep quality between these two groups. In these models, the sleep measures from questionnaires or from actigraphs served as dependent variables, while using the slow development of a sleep-wake rhythm and age, sex, breastfeeding, season of birth and season of actigraph recording as independent variables. The prevalence of sleep-wake rhythm problems was studied using the McNemar test. The infants with persistent problems were defined as those who belonged to the slow development group at both time-points. Finally, we constructed logistic regression models to study factors that are related to slow development. In these models, we used age, sex, breastfeeding and season of birth as explanatory factors. The seasons were defined as the summer solstice season, autumnal equinox season, winter solstice season and spring equinox season, all corresponding to the years of birth and actigraph recordings, respectively.
| RE SULTS
Differences within sociodemographic variables between infants with and without slow development of their diurnal sleep-wake rhythm at 3 and 8 months are described in Table 1 . Table 2 , at 3 months, the majority of the infants slept less during the day than during the night, with the average percentage of daytime sleep being 36.3%. In addition, this percentage of daytime sleep continued to decrease over the following months, so that at 8 months of age it was 25.6%.
As reported in
Slow sleep-wake rhythm development was considered to occur in 25.0% (n = 310) of the infants at the age of 3 months and in 25.8% (n = 324) at the age of 8 months.
Overall, 60.1% (n = 654) of the infants did not have developmental sleep-wake rhythm problems at either time-point, whereas 9.7% (n = 105) had them both at 3 and 8 months of age. The distribution was similar at both time-points (p = .826), but there was a tendency for persistent problems (risk ratio, 2.5; 95% confidence interval [CI], 1.9-3.4; negative predictive value, 79.7%; positive predictive value, 39.3%).
As expected, we found that at the age of 3 months, infants with a slow development of the diurnal sleep-wake rhythm were reported to sleep less during the night and more during the daytime. More importantly, they also slept more hours per day, and had a later bedtime, longer sleep-onset latency and more often difficulties settling to sleep; they also spent a longer time awake during the night (see Table 3 , Figure 1) .
Similarly, at 8 months of age, slow development of a sleepwake rhythm was related to less sleep during the night and more sleep during the daytime. It was also related to longer total sleep per 24 hr, a later bedtime, longer sleep-onset latency, more difficulties settling to sleep and longer time awake during the night (Table 4, Figure 2 ).
Concerning actigraphy variables, consistent with the questionnaire findings, we found that the infants with slow development of a sleep-wake rhythm spent less time in bed, slept less at night and had later sleep start and end times, than the infants in the comparison group (Table 5) . No significant differences were found in sleep latency, actual time awake at night, sleep efficiency, fragmentation index or number of night waking bouts using actigraphy. However, these sleep variables were different between groups using parentreported sleep questionnaires.
Using multivariate modelling, we aimed to confirm these results while statistically controlling for potential confounding factors (age, sex, breastfeeding and season of birth). Both at 3 and 8 months, slow development of a sleep-wake rhythm remained significant in all models.
Moreover, the sleep variables were variably related to age, sex, breastfeeding and season of birth. For example, at 3 months sleep during the daytime was also explained by younger age (p = .014) and season of birth (p = .028); total sleep by sex (p = .047); and bedtime by sex (p = .049), breastfeeding (p = .001) and season of birth (p = .015). Similarly, at 8 months, daytime sleep was also related to season of birth (p = .008); night-time sleep to age (p = .006) and breastfeeding (p = .047); total sleep to age (p = .001) and season of birth (p = .001); and bedtime to season of birth (p < .001), breastfeeding (p = .017) and sex (p = .036).
TA B L E 1 Description of the background variables in infants at 3 and 8 months (n = 1,242 at 3 months; n = 1,258 at 8 months) 
| D ISCUSS I ON
In this study, we investigated the development of a sleep-wake rhythm in infants of the CHILD-SLEEP birth cohort at 3 and 8 months (Bruni et al., 2014; Figueiredo, Dias, Pinto, & Field, 2016) . After 3 months of age, the consolidation of sleep towards night-centred sleep occurs and daytime sleep decreases (Bruni et al., 2014; Figueiredo et al., 2016) .
Consistently, our results showed that 8-month-old infants slept an average of 3.4 hr during the daytime, 9.9 hr during the night-time and 13.3 hr during the whole day. Previous studies conducted among toddlers have shown that daytime sleep is relevant in terms of circadian phase and night-time sleep quality. For instance, one study showed that toddlers that habitually napped have later melatonin onset time, later bedtime, longer sleep-onset latency and shorter night-time sleep (Akacem et al., 2015) . Another study showed that there was a negative correlation between nap duration, sleep onset time and night-time sleep duration (Nakagawa et al., 2016) . These results are in accordance with our findings and suggest that inappropriate amounts of daytime sleep can have a negative effect on subsequent night-time sleep.
We also studied factors that are related to slow diurnal sleepwake rhythm development. Although no significant risk factors were found in 8-month-old infants, the photoperiod during the first 3 months was related to slower development of sleep-wake rhythm at the age of 3 months. This corresponds with findings in animal and infant studies (Brooks & Canal, 2013; Iwata et al., 2017) . Exposure to a long photoperiod leads to a phase delay in circadian rhythms and thus also affects the sleep-wake cycle. It should be noted that although the effect of season of birth on sleep-wake cycles might be statistically significant, in young adults and adolescents it affects the preferred sleep onset time rather than the preferred sleep offset time and remains quantitatively small (Natale, Adan, & Fabbri, 2009; Tonetti, Fabbri, Martoni, & Natale, 2011) . Furthermore, such an effect was not found in preschool children (Doi, Ishihara, & Uchiyama, 2014 ), suggesting a major influence of the schedules of society and the circadian preference of the family. However, the development of a sleep-wake rhythm in infants might be more vulnerable to environmental effects of light, particularly in the northern latitudes where the alternations in photoperiods are very large (ranging from 19 hr 35 min in the summertime to 5 hr 25 min in the wintertime in the Tampere area), as suggested by our findings.
Moreover, other factors, such as circadian preference, might also have contributed to these individual differences in sleep functioning. Sleep problems have been found to be greater in evening types compared to morning types, both in toddlers (Simpkin et al., 2014) and preschool children (Jafar et al., 2017) , and a change towards the circadian preference for evening hours appears to occur already in toddlers (Randler, Faßl, & Kalb, 2017) . In addition, recent findings from our group suggest that maternal circadian preference is related to several sleep difficulties of infants in early childhood, and especially to increased risk of slower sleep-wake rhythm development (Morales-Muñoz et al., 2019) .
Although slow development of diurnal rhythm can also represent normative variation, previous research (McGraw et al., 1999; Mirmiran et al., 2003; Rivkees, 2007) These findings must be interpreted within the context of potential limitations. First, the criteria for sleep-wake rhythm problems were subjectively determined by parents' report and no objective criteria were used. Second, it is important to notice that in this study we used cut-off values based on our own data, whereas the other study comprising US-Canadian children during the first year of life reported quite different distributions (41% vs. ~35% at the age of 3 months and 30% vs. ~28% at the age of 8 months) (Sadeh et al., 2009) . Although there may be cross-cultural differences in sleepwake development, it is also worth noticing that the US-Canadian data were collected via advertising on the internet and therefore might not represent a random sample of infants. More studies on the topic are needed to clarify the normative developmental trajectories in infants. Third, sleep quality was examined with actigraphy at the age of 8 months, but not at 3 months. Therefore, at 3 months we only reported subjective sleep difficulties and thus further studies should aim to include objective data at this age. Fourth, the number of 8-month-old infants who participated in the actigraph study was relatively small compared to the total number of infants in the whole study. In addition, daytime sleep duration was not analysed with actigraphy and thus information about objective total sleep is missing.
To summarize these findings, we found that infant sleep-wake development is highly variable and this variability is related to poorer sleep quality. Thus, some infants may display clinically significant delays in sleep-wake development that may warrant treatment.
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